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JOSEPH N o  UZEL 
ABSTRACT 
This repo r t  explores the subject o f  speech synthesis. Informa- 
t i o n  given includes a b r i e f  explanat ion o f  speech product ion i n  man, 
an h i s t o r i c a l  view o f  speech synthesis, and four  types o f  e lect ron ic  
synthesizers i n use today. 
Also inc luded i s  a b r i e f  presentat ion on phonetics, the study 
o f  speech sounds. An understanding o f  t h i s  subject i s  necessary t o  
see how a synthesizer must produce ce r ta in  sounds, and how these 
sounds are put together t o  create words. 
Final ly a description o f  a 1 i m i  ted t e x t  speech synthesizer i s  
presented. This system al lows the user t o  enter  English t e x t  v i a  a 
keyboard and have i t  output  i n  spoken form. 
The future o f  speech synthesis appears t o  be very b r i gh t .  This 
repor t  a lso  gives some possib le app l ica t ions o f  verbal computer com- 
munication. 
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INTRODUCTION 
For centuries man has .been fascinated w i th  the concept o f  
a r t i f i c i a l  l y  produced speech. Mechanical analogs o f  the vocal system 
produced speech sounds 2.00 years ago ; however, i t was the recent ' i nven- 
t i o n  o f  the d j g i t a l  computer which made p rac t i ca l  'speech synthesis 
feasible. 
The purpose o f  t h i s  repor t  i s  t o  explore the subject o f  speech 
synthesis. Questions t o  be answered are: (1) How i s  speech produced 
i n  man? (2) What approaches have been. taken i n  the past t o  synthe- 
s ize speech? (3) What methods are present ly  used t o  e lec t ron ica l l y  
produce a r t i  f i c i  a1 speech? 
I n  addi t fon t o  answering the above questions t h i s  repor t  a lso 
presents a descr ip t ion o f  a 1 i m i  ted  t e x t  speech synthesizer which 
' u t i l i z e s  a Votrax speech module and i s  cont ro l led  by a 6800 micro- 
computer. The control  software allows the user t o  enter English 
t e x t  v i a  a keyboard o r  t o  s tore coded t e x t  i n  a memory tab le and then 
have the t e x t  output i n  spoken form by the machine. . 
Some applications o f  speech synthesis include t a l k i n g  type- 
wr i ters,  verbal response learning systems, a i r c r a f t  fl  i g h t  control,  
and telephone information r e t r i e v a l  systems. 
CHAPTER 1 
HUMAN SPEECH PRODUCTION 
Human speech product ion i s  a physiological  process which i s  
understood f a i r l y  wel l .  Figure 1 shows the human vocal t r a c t  and 
those components whSch make speech possible. The vocal t r a c t  i s  a 
non uni form acoustic tube, 16 t o  18 centimeters i n  length, which ' 
extends from the g lo t t i s  t o  the l i ps ,  and var ies i n  shape as a func- 
t'lon of time. The major anatomical components causing t h i s  t i m e -  
varying change are the l i p s ,  tongue, jaw, and the velum. The velum 
i s  a f l a p  which couples the nasal t r a c t  t o  the vocal t r a c t  thra 
a trap-door type o f  act ion.  The nasal c a v i t y  i s  about 12 centimeters 
long and has an approximate volume .o f  60 cubic centimeters(F1anagan 
1972a). 
The vocal system can produce three basic types o f  sound: 
voiced, f r i c a t i v e ,  and plosive.  Voiced sounds, such as the vowels, 
are produced by the  v i b r a t i o n  o f  the vocal chords due t o  a i r  released 
frwn the lungs. These v ib ra t ions  i n t e r r u p t  the a i r f l o w  and generate 
a series o f  sharp pulses t h a t  e x c i t e  the vocal t r ac t .  
F r i ca t i ve  sounds(s,sh,f,th) are generated by fo rc ing  a i r  
through a cons t r i c ted  vocal t r a c t  a t  a h igh ve loc i t y  which causes 
turbulence. Plosives(p,t, k )  are produced by closing the vocal t r a c t  
completely w i t h  the 1 i p s  or tongue, a1 lowing a pressure buildup, and 
then abrupt ly  opening the closure. 
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These speech sounds .have a fair ly  broad spectrum of frequencies 
ranging from about 100 Hz to more t h a n  3000 HZ. The vocal system acts 
as a time-varying f i l t e r  to  produce resonance characteristics. 
For voiced sounds, the excitation source is typically pulsive 
and periodic, w i t h  a spectrum whose harmonics decrease i n  amplitude 
approximately 12 dB per octave. The vocal tract  acts as a f i l t e r  
w i t h  poles corresponding to  the acoustic resonances known as formants. 
The resonant frequencies roughly equal the odd quarter-wave resonances 
of a pipe 17 centimeters long. For a straight pipe of this  length, 
the f i r s t  three resonant frequencies are 500, 1500, and 2500 Hz. 
The vocal tract ,  however, is not of constant diameter, and the 
formants will not  be located exactly a t  the 1000 Hz intervals 
described. 
When the nasal t rac t  i s  made part o f  the transmission system, 
another resonance pole and an antt resonance zero are introduced a t  
around 1400 Hz. The various voiced sounds of speech are produced 
by changing the shape of the vocal t ract  and hence i t s  resonances. 
Unvoiced sounds are excited by a noise source that  has a fair ly  
broad, uniform spectrum. The source such as the tongue constricting 
flow i n  the back of the mouth, effectively a1 ters the length of the 
vocal t ract .  Thus the resonances and anti resonances fa1 1 a t  differ- 
ent frequencies(F1anagan 1972b). 
CHAPTER 2 
A HISTORY OF SPEECH SYNTHESIS 
Man has been fascinated with the production o f .  speech for many 
centuries ; however, the f i r s t  s.uccessfu7 artificial  speech sounds were 
produced 200 years ago. . In 1779 Christian Gottl ieb Kratzenstein 
constructed a set of acoustic resonators which produced the vowel 
sounds a,e,i ,o,u. The resonators were activated by a vibrating reed 
which, like the human vocal chords, interrupted a stream of air .  
In 1791 Wolfgang Von Kernpelen of Vienna, demonstrated an 
elaborate machine for generating connected spe.ech. However, his 
machine was not taken seriously by the scientific community because 
o f  an earlier chess playing "machine;" a hoax, which involved a 
legless rtlaster chess player as the principle "mechanism." His speech 
machine was legitimate. A bellows was used t o  supply a i r  to a reed. 
This i n  t u r n  excited a hand controlled resonator that produced voiced 
sounds. Consonants and nasals were simulated by four constricted 
passages (Flanagan 7972a). 
In 1820 a machine was constructed which could carry on a normal 
conversation when manipulated by a ski1 led operator. The machine, 
built by Joseph Faber, a Viennese professor, was demonstrated i n  
London where i t  sang "God Save the Queen." Like the Von Kernpelen 
synthesizer, Faber's al so incorporated be1 lows, reeds, and resonant 
cav i t ies  t o  simulate the human vocal tract(Atmar 1976). 
The f i rst e l e c t r i c a l  synthesizer was demonstrated a t  the 1939 
World's Fair .  B u i l t  by Be1 1 Telephone Laboratories, the VODER 
(Voice Operated Demonstrator) consisted o f  a per iod ic  buzz osci  11 a to r  
t o  simulate the vocal chords, and a wide-band noise source t o  simulate 
cons t r i c ted  a i r  f low f o r  f r i c a t i v e  production. These sounds were 
modi f i e d  by passing them through a resonance cont ro l  box containing 
10 continuous bandpass f i l t e r s  t h a t  spanned the frequency range o f  
normal speech. Ten f i n g e r  keys act ivated gain cont ro l  potentiometers 
which modulated the outputs o f  the f i l t e r s .  Three add i t iona l  keys 
provided a t rans ien t  e x c i t a t i o n  o f  selected f i l t e r s  t o  simulate three 
types o f  p los ive  sound: t-d, p-b, k-g. A w r i s t  bar  selected noise 
o r  buzz source and a f o o t  pedal con t ro l led  the p i t c h  o f  t he  buzz 
o s c i l l a t o r .  Figure 2 shows a schematic o f  the VODER. 
The VODER was 1 i m i  ted  only t o  demonstrational use due t o  i t s  
complex cont ro ls  and bu lky size. The development o f  the d i g i t a l  
computer provided a boost t o  the production o f  p r a c t i c a l  speech 
synthesizers. The computer took over the con t ro l  funct ions as we l l  
as provided greater freedom i n  modeling the vocal system because o f  
i t s  high speed computational a b i l i t i e s .  
Technical advances i n  in tegrated c i r c u i t  design a1 so contr ibuted 
t o  the f e a s i b i l  i t y  o f  p r a c t i c a l  speech synthesis. Higher densi ty 
in tegrated c i r c u i t s  have enabled designers t o  i n c l  ude more funct ions 
i n  a smal ler  amount o f  space. 
LOUDSPEAKER 
S O U R C E  S W I T C H  
RANDOM 
NOISE p r 
SOURCE 
AMPLl C O N T R O L  
RELAXATION - . . 
OSCILLATOR 
Q U I E T  
*- 
WRIST B A R  
I 
f 
t 
I 
V O O E R  C O N S O L E  
K E Y B O A R D  
P I T C H  CONTROL 
PEDAL 
Fig. 2. Block Diagram of the V o D E R ( ~ l a n a ~ ~ n  1972a) 
A speech synthesizer on a s ingle LSI ch ip  i s  presently a 
reality. Texas Instruments has produced a P-channel WS chip, ca l l ed  
the THC0280, whi ch synthesf zes speech through a technique cal  l e d  
linear predic t ive coding(LPC). This i s  a method o f  analyzing and 
storing human speech by ext ract ing information from an - .  input  speech 
waveform and s tor ing  i t  i n  memory. Speech reproduction i s  accom- 
p l ished by reconstructing speech from the information stored. This 
system uses a TF61000 microprocessor along w i t h  two 16 K-byte ROMs, 
each w i t h  the a b i l i t y  t o  store over 100 seconds o f  speech. The f a c t  
t h a t  th is  c i r c u i t  has been fabr icated on a s ing le  'chip indicates t ha t  
very small and inexpensive speech synthesizers w i l l  shor t ly  become a 
r ea l  i ty(kliggins and Brantingham 1978). 
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CHAPTER 3 
PHONETI CS 
In order t o  design o r  program an e lec t ron ic  speech synthesizer, 
i t  i s  essential to have a knowiedge o f  phonetics. 
Phonetics i s  the s c i e n t i f i c  study o f  speech sounds from the 
standpoint o f  t he i r  production, reception, and symbol izat ion.  A 
word i s  phonet ical ly described by breaking i t  i n t o  d i s t i n c t i v e  sound 
un i t s  ca l led  phonemes. There are 38 phonemes i n  the English language 
(Atmar 1976). However, subt le dif ferences i n  a phoneme c a l l  f o r  
another c lass i f i ca t ion ,  the a1 1 ophone. These .are the s l  i gh t l y  
varying sounds o f  a s ing le  phoneme usual ly  determined by the pos i t i on  
i n  a word and phonemes preceeding and fol lowing it. Table 1 gives a 
1 i s t  o f  International Phonetic Alphabet(1PA) symbols and key words 
demonstrating t h e i r  use. 
In a sense, phonetics i s  a language i n  i toe1 f. For example, 
the fo l lowing are some common American Engl i sh words w i th  t h e i r  
phonetic t ranscr ip t ions : 
the a i  
and aend 
bu t  bAt 
t o  t u  
by baI 
sha l l  Jml 
should /Ud 
was waz 
can kae n 
as aez 
Thus, *ji waz aet houmU i s  a phonetic t ranscr ip t ion  o f  "she was a t  
home. '' 
TABLE 1 
IPA PHONETIC ~ ~ ~ ~ O ~ ~ ( ~ e u t e n e g g e r  1963) 
. ! *  
Phonetic Syrnbol - Key Words Addi tional Spell i ngs of Sound 
roee, stomed, hiccoufi 
rubbed. cu~board 
- 1 b i E ,  debt -9 raked, Indict, - yacht, 
~hz's. receiot7miaht . 
- -- -
add. rubbed. could do 
- keep . 
- 
cue; s i c k ~ a c c o u ~ ,  lake, ache, 
- - - -
wal k,  k E k i  
gi we 
fame 
-L 
egg, ghost, guest 
off, phrase, laugh- 
of, - have, - Steph-en vest 
- 
thin 
- 
the 
miss, - - scent, - schism, - cinder, ~ a l m ,  
sword, wal tz 
- fuzz, raise, scissors, g l  ophone 
ize, sugar ,  perfion, grafious , 
ration, champagne, anxious , 
s c E t t i  sche -, consciour - 
leisure, azure, - negligee 
whore 
- 
sumner, comb 
see 
- 
zoo 
- 
ship 
lesion 
he- 
- 
milk inn, pneumni a ,  Wednesday, - - mnemni -
knife, ~ a s F  
5 3 1  
1 aTi&age 
m e y ,  e e t o r i  - c, - wri s t  
on i on 
ceTlo, witch, feature 
- 
ragg, gem, dodge, soldier 
anchor, handkerchief,tongue 
ezt , p-lc chief, percei - ve , be, -
Foeni x, ravi neTCaesar 
h g E ,  h e a r ,  ?&ve ,-fymn , bus i ngs s , 
1 ake 
- 
wig 
- 
red 
jijes 
chew 
- Lust 
s i g  
s e e  
sit - 
women, au-ild 
"- 
aim, beige, great, ~ l a ~ ,  gwe, g g e  
- 
sald, - pear, s a y ,  heir, l*ard, 
- - 
ache 
- 
end 
- f r i end  .. anv 
I , ,  as 
worst, f i r ,  K r ,  p u r r ,  g ~ ,  m ~ t l e ,  
- - -
can ' t 
earn 
- journey, col one1 
- -  - - - 
s g r i s e ,  sailor, liar 
son, - tough, gum, - does, - blood -!!P 
sofa succeed, - - famous, - bargain -, specimen --
Phonetic Symbol 
TABLE I--Continued 
Key Words 
food -
book -
rwe 
Addi ti onal Spell i ngs o f  Sound 
rude, whose, t h r a h ,  threw, s h ~ s ,  
gF'c?lJ, b T i  
could, fully, wolf  
oak, tho i ih ,  s G ,  sew, goes, 
- - - - -  yeomen, shoulder, beau 
9 h t  raw, cghTabroad,  - gEne, thought, 
am 
farm 
SEX 
- 
hot, honest 
w?;ite,-baht, - - - aisle, by, lyg, eye, 
aye. P j g ,  S B h  
bougt~, crowd, - hour, - sauerkraut - -
broil 
-
Phonemes 'can be d iv fded i n t o  f i v e  classes as shown i n  Table 2. 
Some d e f i n i t i o n s  are required f o r  a be t te r  understanding o f  the 
. . 
table. A voiced sound was defined e a r l i e r  as a sound i n  which a i r  
f r o m  the lungs causes the vocal chords t o  v ibrate.  The pu lsa t ing  a i r  
stream i s  then resonated 'In the throat,  mouth, and/or nasal cav i ty .  
. . 
A diphthong' is a voiced speech sound which changes smoothly from 
one vowel t o  another i n  the same sy l lab le .  This smooth t r a n s i t i o n  
i s  a lso ca l l ed  g l id ing .  An example o f  a d iphthong ' is  the  "oy" i n  boy. 
A stop i s  caused by a complete momentary closure o f  the vocal 
t rac t ,  and then an explosive re7ease o f  t he  b u i l t  up pressure. Thus 
a voiced stop i s  a sound i n  which the released airstream o f  a stop 
has a v ib ra to ry  element. 
Nasal sounds r e s u l t  from resonance i n  the nasal c a v i t y  due t o  a 
complete closure o f  the mouth. 
F r ica t i ves  r e s u l t  from a cons t r i c t i on  o f  the a i r  passage o f  t he  
vocal t rac t ,  r e s u l t i n g  i n  turbulence i n  the a i r  stream. F r i ca t i ves  
can be voiced o r  unvoiced, and can i n c l  ude stops. 
The h sound i s  an aspirant, a lso ca l l ed  a g l o t t a l  f r i c a t i v e .  
I t  i s  produced by the airstream i n  the g l o t t i s ,  the opening between 
the vocal fo lds.  
A f f r i ca tes  are consonant sounds produced by beginning w i t h  the 
vocal organs i n  .the pos i t i on  o f  a stop. The corresponding pressure 
b u i l d  up i s  released through a f r i c a t i v e ' c o n s t r i c t i o n .  A f f r i c a t e s  
can be e i t h e r  vo i  ced(dt) o r  unvoi ced( t l )  ( M i  se 1958). 
A speech synthesizer must be able t o  produce these sounds and 
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connect them fn such a way that the transition from one phoneme to 
another is accomplished as smoothly and naturally as possible. 
TABLE 2 
PHONEME CLASSES 
Voiced 
a. vowels and diphthongs o f  vowels 
e, I, 0 ,  u, 3, ES ?,A , a ,  8 ,  a ,  U, aI, au, 31, j ,  * 
b. 1 fqui d consonants 
r, 1, w s  j 
Stops(P1osi ves) 
a. voiced 
b, d, g 
b. unvoiced 
t, P, k 
Nasal closures 
m, n. 9 
Fricatives 
a .  voiced 
2 9  T;, v, 8 
b. unvoiced 
S,  f ,  f r  8 
c. glottal (aspirant) 
h 
5. Affricates 
a. voiced 
d5. 
b. unvoiced 
tl 
CHAPTER 4 
ELECTRONIC SPEECH SYNTHESIS 
The main components o f  a speech synthesis system are shown i n  
Figure 3. The machine is required t o  speak a message, t yp i ca l l y .an  
English tex t .  A synthesis program may access from a vocabulary store, 
o r  a set  o f  vocabulary ru les,  t o  obta in  a descr ipt ion o f  the required 
sequence of words. Thi's descr ip t ion i s  then t ransferred t o  a synthe- 
s i s  device which transforms the information i n t o  speech. 
Many d i f f e r e n t  approaches t o  speech synthesis ex is t ;  however, 
the technf ques are dist inguished mainly by the memory storage require- 
ments f o r  the vocabulary and by the complexity o f  the contro l  ru les  
f o r  generating the speech. Four d i f f e r e n t  techniques i l l u s t r a t e  the 
range o f  complexity. They are : adaptive d i f f e r e n t i a l  pul se-code 
modulation(ADPCM), 1 inear  p red ic t i ve  coding(LPC), formant synthesis, 
and t e x t  synthesis. Typical b i t - r a t e  comparisons are shown i n  
Table 3. 
A d a ~ t i v e  D i f f e r e n t i a l  Pulse Code Modulation 
The f i r s t  and simplest technique u t i  1 izes a vocabulary composed 
o f  human-spoken words whose waveforms are d i g i t a l l y  coded. The 
speech signal i s  band-1 imi ted t o  fN Hz(the lowest frequen.cy f r o m  
which i n t e l l i g a b l e  speech can be reconstructed). The signal i s  
sampled a t  a rate o f  a t  l e a s t  2fN samples per second(the Nyquist 
rate) .  I n  conmunication systems the m s t  f am i l i a r  example o f  t h i s  
14 
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Fig. 3. Block Diagram o f  a Computer Voice Response System 
ENGLISH SY NTH-ES.IS DIG1 TAL 
T E X T  P R O G R A M  S P E E C H  
I [ S Y N T H E S I Z E R  
r 
SPEECH 
F O R M A T I O N  
RULES 
t - 
TABLE 3 
COMPARISON OF DATA W E S  FOR 
STORAGE OF SPEECH VOCABULARIES ( ~1 annagan 1976) 
COOING BIT RATE DURATION OF SPEECH 
I N  l o6  BITS OF STORAGE 
ADPCM 20 k-bi  ts/sec 1 min 
LPC 2.4 k-bi  ts/sec 
FORMPIT 500 b i  ts/sec 
TEXT 
7 rnin 
30 rnin 
240 rnin 
process i s  cal l e d  pu l  se-code modulation(PCM) . I n  most PCM represen- 
B t a t i ons  each sample can take on on ly  2 possible values, where 6 i s  
the length o f  the binary code words t h a t  represent a quantized sample. 
The b i t  r a t e  o r  informat ion r a t e  equals 2fNB, since 0 b i t s  are 
required f o r  each sample. The quant izat ion step size, A, i s  normally 
0 se t  so t h a t  ~ 0 2  spans the expected peak-to-peak amp1 i tude range o f  
the input(~abiner and Schafer 1976). 
A b e t t e r  representat ion o f  the s ignal  can be obtained using 
d i f f e r e n t i a l  ra ther  than uniform quantizat ion. The simplest case i s  
when the quant izer has only two levels.  Since a s i n g l e - b i t  word can 
be used t o  represent these levels, the b i t  r a t e  equals the  sample 
rate.  Such systems are c a l l e d  de l ta  mdulators(DM). I f  the step 
s ize  o f  the one-bit  quantizer varies t o  match the amplitude o f  the 
difference signal,  the system i s  ca l  l e d  an adaptive DM(ADM) . 
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For a sampling r a t e  a t  j u s t  the Nyquist rate,  a m u l t i b i t  quan- 
t i z e r  must be used. This i s  d i f f e r e n t i a l  pulse-code modulation(DPC~). 
I f  the quant izer step s ize  var ies w i t h  speech s ignal  l eve l ,  we have 
an adaptive DPCM system(ADPCM) (Rabiner and Schafer 1976). - Figure 4 
shows a block diagram o f  an ADPCM system. Logic "L" observes the b i t  
stream produced by the coder and adjusts the quant izer step s i ze  t o  
minimize slope overload and d i s to r t i on .  By comparison o f  Figures 
5(a) and 5(b) i t  i s  seen t h a t  ADPCM provides a b e t t e r  est imate o f  the 
s ignal  than does DPCM(F1anagan 1976). 
For message assembly, the synthesis program merely p u l l s  the 
d i g i t a l l y  coded words from storage, and suppl ies them t o  an ADPCM 
decoder t o  produce an analog output. The disadvantage o f  t h i s  system 
i s  the la rge  amwnt o f  data storage required, due t o  the high b i t  
rate,  as shown prev ious ly  i n  Table 3. 
Linear Pred ic t i ve  Coding 
Linear PredictS ve Coding(LPC) represents a substant i  a1 storage 
saving over ADPCM. In LPC speech synthesis, the b i t  r a t e  i s  reduced 
by a f a c t o r  o f  8 o r  more. 
This i s  done by using coe f f i c i en ts ,  ca lcu la ted from an input  
voice waveform, t o  cont ro l  a t ime-varying d i g i t a l  f i l t e r .  These 
coeff ic ients,  cal led r e f l e c t i o n  coe f f i c i en ts ,  are found from a set  
o f  p red ic to r  c o e f f i c i e n t s  which minimize e r ro r .  This minimizat ion o f  
e r r o r  i s  simply a method o f  obta in ing a parametric representat ion o f  
the speech signal. The r e f l e c t i o n  coe f f i c i en ts ,  along wi th  p i t c h  
DIGITAL 
SAMPLED 
Q - QUANTIZER 
C - C O D E R  
O - DECODER 
P - PREDICTOR 
L - L O G I C  
LPF-LOW P A S S  FILTER 
Fig. 4. Block Diagram o f  Adaptive Differential Coding o f  Speech 
(.Fl arygan 1976) 
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Fig. 5. Waveforms Coded by 3-Bit 
(a) DPC# and (b) AdPCM(F1anagan 1976) 
period and amp1 i tude information, are transmitted to  the synthesizer. 
Because of the physical constraints of the speech production process, 
these parameters need to  be updated only every 10 to 20 milliseconds, 
thus resulting i n  a much lower bit-rate than necessary for ADPCM 
synthesis. 
In LPC synthesis, the digital f i l t e r  requires two sound sources. 
A white noise generator i s  used for unvoiced sound production, and a 
periodic source is used for voiced sounds. The output o f  the digital 
f i l t e r  i s  converted from a dig1 tal  signal to speech by a digital -to- 
analog converter. Figure 6 shows a diagram of how LPC i s  used i n  the 
THC0280 synthesizer chip. Markel and Gray(1976) ,+ and Morgan and 
~ r a i  ~~(1976) present more detai 1 ed discussions o f  1PC and include 
computer programs for i t s  use. 
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Fonnant Synthesis 
The formant synthesizer, unl i ke the ADPCM and LPC types, does 
not requfre a voice i n p u t  t o  be digitized and stored. Instead, a 
circuit  i s designed to reproduce sounds (usual ly phonemes and a1 lo- 
phones) by manipulating f i  1 ters and applying rules to produce the 
proper sound when used i n  the context of a word or sentence. Figure 
7 shows block diagrams of serial and parallel formant synthesizers. 
Serial ,and para1 lel synthesizers both have t h e 4  r relative advantages 
p& disadvantages; thus many different designs have been produced. 
&is-. 
see Atmar(1976), Holmes(1972), Klatt(1972), and Rice(1976). 
Fig. 6. Linear Predictive Coding Used 
i n  the THC0280 Single Chjp Synthesizer 
( W i  ggjns and Brantingham 1978) 
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DSagrams (a)  Series (b) para1 lel  (Atmar 1976) 
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To model the vocal t r ac t ,  a formant synthesizer t y p i c a l l y  has 
two exc i ta t ion sources: an impulse generator t o  simulate a voicing 
source, and a white noise generator as a f r i c a t i v e  source. 
For vowel production the output o f  the impulse generator i s  fed 
i n to  the formant f i l t e r s .  For minimal qua1 i t y  speech synthesis, the 
f i r s t  three formants, F1, F2, and F3 are required. These are produced 
by variable d i g i t a l l y  contro l  1 ed resonator c i  r cu i  ts .  Higher formants 
are usually produced using f i x e d  resonant c i r cu i t s ,  since there i s  
1 ittle change i n  the fou r th  and higher formants. 
Most o f  the vowels o f  American English can be produced by the 
steady state formant frequencies shown i n  Table 4. These frequencies 
are approximate, and actual fonnant resonances vary from indiv idual  
t o  i ndi v i  dual . 
TABLE 4 
STEADY STATE ENGLISH VOWEL FORMANTS 
(FREQUENCIES I N  Hz) 
heed 250 2300 3000 
h i d  375 21 50 2800 
head 550 1950 2600 
had 
had 
hood 425 
who 
The d is t i nc t ions  between various vowel sounds can be seen more 
c lea r l y  by p l o t t i n g  them on a two dimensional graph as i n  Figure 8. 
F3 i s  not shown here because i t  varies on ly  s l i g h t l y  f o r  a l l  vowels 
(except those wI th  very high F2, where i t  i s  somewhat higher). 
Some Engl ish vowels, the diphthongs, are characterized by rapid 
sweeps across the formant frequency space ra ther  than r e l a t i v e l y  sta- 
b l e  posit ions. Approximate traces o f  formants F1 and F2 are shown i n  
Figure 9 f o r  the vowels i n  bay, boy, buy, hoe, and how. These sweeps 
occur i n  150 t o  250 ms, depending on the speaking rate. The control  - 
l i n g  computer must change the codes t o  the formant f i l t e r s  i n  such a 
way as t o  provide the desired t ransi t ions.  
Stop consonant sounds "p," "t," "k," "b," I'd,'' and 'lgtl are 
formed by the white noise source. The ampl i f ied breakdown noise o f  a 
Zener diode can be used as a simple f r i c a t i v e  source. Figure 10 gives 
the formant frequency patterns necessary t o  produce the stop conson- 
ants when fol lowed by the vowel "ah." The release o f  the stop clo- 
sure(start o f  the noise pulse) i s  marked by "REL," and the beginning 
o f  the voic ing sounds i s  marked by "VO." 
A second group o f  consonant sounds consists o f  the l i qu i ds  "w",  
11j,81 "rr" and "I." These sounds are ac tua l l y  more l i k e  vowels. Thus, 
"w" and "j" can be associated w i th  vowels "u" and "i" respectively. 
a .  
-Timing makes the difference; f o r  example, 5 f  the vowel "u" i s  imne- 
d ia te l y  fol lowed by vowel "a" and the ra te  o f  F1 and F2 t rans i t ions  
i s  increased, the r e s u l t  w i l l  sound l i k e  "wa." For the other l iquids, 
"1" i s  marked by a b r i e f  increase o f  F3, whi le  "r" i s  indicated by a 
F 2  
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Fig. 8. Relationships Between the Ff rst 
Two Formants of Steady State English Vowels 
(Rice 1976) 
FIg. 9. Formant Sweeps for the English Diphthongs 
(.Rice 1976) 
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Fig. 10. Stop Consonant Patterns(Rice 1976) 
sharp drop i n  F3 almost t o  the leve l  o f  F2. 
The nasal consonants "m," *n," and 'ljl are very s i m i l a r  t o  the 
voiced stops "b," "d," and "g" respect ively,  except f o r  the add i t ion 
o f  a f i x e d  nasal formant. This ex t ra  formant i s  generated by an 
add i t iona l  resonator tuned t o  approximately 1400 Hz and having a 
f a i r l y  wide bandwidth. It i s  only necessary t o  cont ro l  the ampli- 
tude o f  th is  ex t ra  resonator during the "closure" per iod t o  achieve 
the nasal q u a l i t y  i n  the synthesizer output. 
A f f r i c a t e s  "tj" and "df consist  o f  the pat terns f o r  "t" and 
"d" fol lowed immediately by the f r i c a t i v e  "/" o r  " 5 "  respect ively,  
that  i s ,  t l t~" = 'It + j" and "dr" = "d + 6.'' The f r i c a t i v e s  "s," 
II II 11 ll II , 11 ll f , ll Il " , II II I ,  2 ,  8," and "e" are character ized by a pulse 
o f  h igh frequency noise l a s t i n g  from 50 t o  150 mil l iseconds. Fr ica- 
t i v e s  and a f f r i c a t e s  are classed as voiced o r  non-voiced. The f i r s t  
c l a s s i f i c a t i o n  i s  according t o  voic ing amplitude dur ing the noise 
pulse, as seen i n  Figure 10 f o r  voiced stops. Thus "s," " 1," "f," 
"t/," and the "e" i n  " th in"  have no vo ic ing dur ing the noise pulse, 
whi le "2 ,"  " 5 , "  "v," "dc," and the "8" i n  "then" have h igh  voice 
amplitude. . Thus d i f f e r e n t  f r i c a t i v e s  and a f f r i c a t e s  w i t h i n  a group 
are distinguished by the spectra l  charac te r i s t i cs  o f  the noise pulse. 
Table 5 gives the f r i c a t i v e  resonator se t t ings  needed t o  produce the 
various f r i c a t i  ve and a f f r i c a t e  consonants. F r i c a t i v e  noise amp1 i tude 
set t ings are  shown on a scale o f  0 t o  1 (Rice 1976). 
Figure 11 shows a p a r t i a l  c i r c u i t  f o r  a p a r a l l e l  formant syn- 
thesizer. This c i r c u i t  i s  used i n  the A i  Cybernetic Systems Model 
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Fig. 11. Parallel Fonnant Circuit Used i n  the A i  
Cybernetics Systems Model 1000 Speech Synthesizer 
(Atmar 1976) 
TABLE 5 
F R I  CATI  VE SPECTRA 
RESONATOR FRI CAT1 VE 
FREQUENCY AMPLITUDE 
AN 
f, v 6500 HZ 
Q tr 8000 Hz 
1000 Speech ~ynthesi zer(~tmar 1976). 
In order to build a quality formant synthesizer, the designer 
must consider much more than has been presented in the above'dis- 
cussion. The computer interface as well as the controlling software 
requirements must also be considered. Finally, detailed rules for 
phoneme and allophone production, pitch, duration, etc. must be 
programed into the computer. A discussion o f  these rules is beyond 
the scope o f  this report; however, the interested reader can f i n d  
this information given by the fol lowing authors: Klatt(1976), 
House(l961), Friedman(l975), Rao ,and Thosar(1974), and 0' Shaugnessy 
(1974). 
Text Synthesis 
The final class o f  synthesizer to be considered here is a text 
synthesjzer, shown in block diagram form in Figure 12. In i t s  sim- 
p l e s t  fom this type o f  synthesizer consists o f  a vocabulary stored 
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F O R M A N T  
CALCULATION 
Fig. 12. Block Diagram o f  a Text Synthesizer 
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i n  a pronouncf ng dictionary, each entry o f  which has the English 
word and a phonetic t ranscript ion o f  the word. 
When a word i s  t o  be output o r  "spoken," the cont ro l l ing  pro- 
gram outputs the sequence o f  codes t o  a synthesizer(such as a formant 
synthesjzer) t o  be converted t o  an analog s ignal  (Allen 1976). This 
type o f  t e x t  synthesizer has a 1 i m i  ted vocabulary; however, i t  has 
the desired feature o f  converting English t ex t  d i rec t l y  i n t o  synthe- 
sized speech. Although the vocabulary i s  l lmited, over 700 words can 
be stored i n  6.6 ki lobytes o f  memory. This i s  the type o f  synthe- 
s izer  under study i n  the next chapter. 
In a more sophistocated form, a t e x t  synthesizer can have an 
unlimited vocabulary. It i s  able t o  take any English text, and 
through an appropriate set o f  rules, convert the t ex t  t o  speech. 
Such a synthesizer must therefore use s imi lar  rules that  a human 
subconsciously appl i e s  when reading. An unrestr icted t e x t  synthe- 
s izer  has been but 1 t which operates with an accuracy o f  9O%(Elowi tz, 
e t  a l .  1976). 
CHAPTER 5 
MICROCOMPUTER CONTROLLED TEXT 
SYNTHESIZER 
This chapter describes a microcomputer control  led, 1 i m i  ted 
vocabulary t e x t  synthesizer. A Southwest Technical Products Corpora- 
tion(SWTPC) 6800 microcomputer i s used t o  contro l  a Votrax(Federa1 
Screw Works) speech synthesizer. The system has the capab i l i t y  o f  
synthesizing speech using one o f  two methods: (1) v i a  t e x t  supplied 
through. a keyboard, o r  (2) by a table o f  codes stored i n  memory. 
The keyboard method involves typing i n  a sentence o r  series o f  
sentences. The computer looks up each word i n  a vocabulary d ic t ion-  
ary  and sends a s t r i ng  o f  codes t o  the Votrax u n i t  which outputs the 
synthesized speech. 
In the other method a table o f  codes must be stored i n  memory. 
To produce speech, the computer simply sends these codes t o  the syn- 
thesizer as before. This method enables the programmer t o  store 
messages which can be used i n  any program f o r  prompting o r  responses 
by the computer. 
Hardware . 
The heart o f  the system i s  the Votrax synthesizer module. This 
I module i s  a sealed u n i t  which contains c i r c u i t r y  t o  convert a 6 -b i t  
code into one o f  64 phonemes o r  a1 lophones. Thus by proper coding i t  
has the capab i l i t y  o f  speaking English, Spanish, French, and many 
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other languages, although the module has been optimized f o r  English 
speech(The D i g i t a l  Group 1978). Table 6 l i s t s  the phonemes i n  IPA  
and Votrax notation and gives the hexidecimal code f o r  each. Note 
tha t  i n  the Votrax notat ion some phonemes end i n  a number, f o r  
example A1 . Phonemes wi th  increasing number values decrease i n  
duration. Thus A2 i s  o f  shorter durat ion than A1 . 
The Votrax module i s  mounted on a c i r c u i t  board, the VOX-1, 
bui 1 t by The D i g i t a l  Group. This board was spec i f i ca l l y  designed t o  
plug d i r e c t l y  i n t o  a 280 microcomputer 1/0 s lo t ,  however i t  can be 
used w i th  any computer system which has an 8-bi t para1 l e l  output 
por t  and an 8-bi t para l l e l  input  port.  The SWTPC 6800 has para l l e l  
1/0 ports v i a  a Motorola MC6820 peripheral in te r face adaptor(P1A) ; 
thus the board required no modifications. 
I n  addi t ion t o  the Votrax module, the board has two FIFO(f i rs t  
i n - f i  rst out) memory buf fe r  IC1s(3351 -2) which reduce processor over- 
head, a s ing le ch ip audio amplifier(LM384) t o  d r i ve  a speaker and a 
dual r e t r i  ggerable one shot(74L123) t o  ind ica te  the bu f fe r  status t o  
the microprocessor. The board a1 so includes a 1 i m i  ted  speech recog- 
n i t i o n  c i r c u i t .  Figure 13 shows a schematic o f  the speech synthesis 
por t ion o f  the VOX-1 board. 
It works as follows : hex phoneme codes(V-codes) are sent t o  
the memory bu f f e r  IC's v i a  a pa ra l l e l  8 - b i t  output port. Since the 
hex codes are 6 b i t s ,  the two ext ra b i t s  are used f o r  bu f fe r  control. 
B i t  7 i s  used t o  strobe codes i n t o  the buffer,  and b i t  6 i s  a master 
reset. The buffers hold up t o  80 codes. These codes propagate 
VOTRAX 
TABLE 6 
VOTRAX PHONET I C CODES 
I PA HEX CODE 
Pause 
e 
VOTRAX .I PA HEX CODE 
IU 
J 
K. 
L 
M 
N 
NG 
0 
01 
02 
00 
001 
p. 
R 
S 
SH 
T 
TH 
THV 
U 
U1 
UH 
UH1 
un2 
UH3 
V 
W 
Y 
Y 1 
z z 
ZH 5 
SILENCE/EOM* 
*Hex BF i s  used i n  software t o  denote an end o f  spoken message. 
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through the buffers and are input  t o  the Votrax module. The module 
then produces an audio output tone corresponding t o  the phoneme code 
and sfgnals the buf fers  when i t  i s  ready f o r  another phoneme. 
The audio output o f  the Votrax module can e i ther  be used as an 
aux i l i a ry  input t o  an external audio ampl i f ie r  o r  t o  drive the on- 
board audio ampl i f ier .  A 5 k ohm potentiometer i s  used t o  cont ro l  
the volume. 
The dual re t r iggerable one-shot i s  used t o  indicate t o  the 
microprocessor, through the input  por t ,  whether or  not  the memory 
buffers are empty o f  h a l f  f u l l .  In addit ion, a l i n e  from FIFO 1 
indicates whether o r  not  the buf fers  are completely f u l l .  The 
microprocessor must monitor the i npu t  po r t  and feed phoneme codes 
t o  the buffers whenever necessary(The Di g i  t a l  Group 1978). 
The SWTPC 6800 computer system has a microcomputer w i th  32 k- 
bytes o f  memory and a dual mini  f loppy d isk  system. For i npu t  and 
output a Beehive Medical Electronics Video terminal and a Dig1 t a l  
Equipment Corporation Decwri t e r  I1 were used. The Decwri t e r  enabled 
hard copies o f  assembly l i s t i n g s  and program output t o  be obtained 
a t  a reasonable rate o f  300 baud. 
Software 
The synthesizer software was designed by the author with two 
objectives i n  mind. The f i r s t  was t o  f i n d  a method o f  checking out  
the VUX-1 board and Votrax speech synthesizer. The second object ive 
was t o  produce a program which could be incorporated i n  the SWTPC 
6800 system as a prompting and verbal message package. 
The software can be d iv ided i n t o  several parts.  The main pro- 
gram i s  a monitor program which enables the user t o  choose between 
several options. Typing a "TI1 causes a prev ious ly  s tored tex t ( in  V- 
codes) t o  be spoken. I f  "L" i s  typed a l i s t  o f  words i n  the vocabu- 
la ry ,  t h e i r  memory addresses, and t h e i r  V-codes are output. An "EN 
enables the user t o  input ,  v i a  the keyboard, sentences o r  groups o f  
sentences composed o f  words i n the vocabul a ry  1 i s t  and i m d i  a t e l y  
have them output  as synthesized speech. Typing a "D" causes cont ro l  
t o  be returned t o  the d i sk  operat ing system. 
The voice message subroutine, VMSG, i s  responsible f o r  the 
actual  con t ro l  o f  the Votrax synthesizer. This subroutine uses an 
address suppl ied v i a  the index reg is ter ,  as the s t a r t i n g  address of 
a tab le  o f  hex V-codes. I t sends these codes t o  the VOX-1 bu f fe rs  
and p o l l s  the buf fer  con t ro l  l i n e s  i n  order t o  stop transmission 
should the bu f fe rs  become f u l l .  VMSG can be used t o  output  synthe- 
s ized speech o f  a message s tored i n  hex V-codes i n  a tab le  anywhere 
i n  memory. This i s  done by simply loading the index r e g i s t e r  w i t h  
the  address o f  the f i r s t  en t r y  and then jumping t o  the subroutine. 
The table o f  V-codes must end w i t h  a $BF(a $ i s  used t o  denote a 
hex number) t o  s i g n i f y  the end o f  message. 
A d i c t i ona ry  o f  words i s  located i n  memory s t a r t i n g  a t  $100. 
Appendix A gives a 6800 assembly l i s t i n g  o f  the d ic t ionary .  Note 
t h a t  each l e t t e r  o f  the alphabet has a 256 byte block o f  memory 
a l loca ted  t o  it. This can be c a l l e d  a l e t t e r  block. The d i c t i ona ry  
can be expanded easily by i n s e r t i n g  words and codes u n t i l  a l e t t e r  
block i s  f i l l e d .  The s t a r t i n g  address o f  each l e t t e r  block increases 
by $100 which al lows quick processor access. For example i n  the key- 
board subroutine when a word i s  typed in ,  the f i r s t  letter(ASCI1) o f  
the word i s  taken and the two most s i g n i f i c a n t  b i t s  are masked out. 
Then two zeros are  catenated t o  the end t o  form the l e t t e r  block 
s ta r t i ng  address. Thus i f  the word "at1' i s  entered, the f i r s t  2 b i t s  
o f  the A S C I I  code f o r  "a", $41 (binary 01 00 0001 ) , are masked o f f  
leaving $01. When the two zeros are catenated an address o f  $0100 i s  
given as the s t a r t  o f  the '@a1' block. I n  t h i s  way, each l e t t e r  block 
i s  accessed wi thout  going through preceding l e t t e r  blocks. Each 
l e t t e r b l o c k e n d s  w i t h a  $BF t o  s i g n i f y  i t s  end. This methodof 
access provides e f f i c i e n t  use o f  processor time, especial ly  i f  the 
dict ionary i s  f u l l  . 
Table 7 presents an A S C I I  code conversion chart  f o r  A S C I I  codes 
w i t h  the p a r i t y  b i t ( b i t  7) equal t o  zero. By re fe r r i ng  back t o  
Table 6 i t  i s  seen that  a l l  V-codes are greater than $7F. A S C I I  
codes a re  less than o r  equal t o  $7F, thus the processor can d i s t i n -  
guish between the A S C I I  codes and V-codes f o r  words i n  the d i c t i on -  
ary. 
The "1" monitor command causes the address, words, and V-codes 
o f  a l l  the d i c t i ona ry  words t o  be pr in ted.  A por t ion  o f  such a 
l i s t i n g  is shown i n  Figure 14. 
The most complicated subroutine i s  subroutine ENGLSH which 
accepts t e x t  input  from a keyboard and converts i t  t o  speech. This 
subroutine stores the. inpu t  sentence i n  a tab le  i n  A S C I I  form. When 
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TABLE 7 
A S C I I  CODE CONVERSION CHART (PARITY BIT ZERO) 
BITS 4 thru 6 - 0 1 2 3 4 5 6  7 
0 NUL DLE S P O P  
1 SOH DC1 1 A Q a  9 I 
2 STX DC2 2 8 R b  r I t  
3 ETX DC3 # 3 C S  c s 
4 EOT DC4 $ 4 D T d  t 
5 ENQ NAK % 5 E U e u 
BITS 0 thru 3 6 ACK SYN & 6 F V f v 
-7 BEL ETB 7 G W g  w I 
8 BS CAN 8 H  X h  x 
9 HT EM 9 I Y i Y 
A LF SUB * J Z j  z 
B VT ESC + j K [ k  * {  . 
C FF FS 9 < L / 1  / 
0 CR GS - C - M l m  3 
E SO RS > N A n = 
F SI US / ? 0 - 0 DEL 
input,  each word must be separated by a space or punctuation mark 
( . ? )  These denote ward boundaries. Each word i s  looked a t  by 
the processor in the sequence entered. As shown above, the first 
letter determines the letter block. The processor compares the 
words w i t h i n  t h i s  block w i th  the entered word. I f  the input  word 
matches a word i n  the dict ionary, the V-codes are stored i n  a table. 
I f  the inpu t  word i s  not  i n  the vocabulary an e r r o r  message i s  output 
on the monitor. 
The user denotes the end o f  an ent ry  by h i t t i n g  the ESC key. 
I f  a l l  words entered are i n  the d ic t ionary  the speech i s  synthesized 
by output t ing the tab le  o f  V-codes v i a  subroutine VMSG. 
Some o f  the features o f  subroutine ENGLSH are.: 
1. More than one l i n e  can be entered as long as each 
l i n e  ends w i t h  a space o r  punctuation, and a carr iage 
return(CR) and 1 ine  feed(LF) 
2. Mistakes i n  t e x t  ent ry  can be deleted v i a  the "RUBOUT" 
key. The computer w i  11 respond w i t h  a "8" f o r  each 
rubout, and the A S C I I  characters w i l l  no t  be stored i n  
memory 
3. A punctuation mark must precede ESC 
4. Numbers are t reated as words, thus there must be a 
space o r  punctuation mark between each sing1 e number 
5. More than one space o r  punctuation mark, o r  adjacent 
space and punctuation mark between words are no t  allowed 
Appendix B gives a complete 6800 assembly l i s t i n g  f o r  the syn- 
thesizer software. Note tha t  the word d ic t ionary  and operat ing pro- 
gram are separated by a large block o f  memory. This i s  because the 
dfsk operat ing system i software resides i n  t h i s  space. Also observe 
t h a t  there are three tables; ATABLE, VTABLE, and TTABLE, each con- 
sf s t ing  o f  a block o f  500 bytes. This i s  t o  f a c i l i t a t e  la rge  t e x t  
entries. A S C I I  keyboard entr ies are stored i n  ATABLE, V-codes are 
stored i n  VTABLE p r i o r  t o  output t o  the Votrax module, and t e x t  i s  
stored i n  TTABLE. These tab les  could be reduced considerably i f  
large t e x t  en t r i es  are n o t  ant ic ipated. 
Results 
'The speech synthesizer system tested works very we1 1 and gives 
good q u a l i t y  speech output. Figure 15 shows a sequence which demon- 
s t ra tes  the features o f  the  system software. I n  (a) the d isk  
operating system i s  i n i t i a t e d  when i n  the SWTPC monitor mode(denoted 
by $) by typ ing  a "D." When the disk operat ing system(FD0S) i.s 
ready, the word d ic t ionary ,  WORDS, i s  loaded and the synthesis pro- 
gram(V0TRAX) i s  run. The computer speaks a prompting message, 
"Enter T, L, D, o r  E." 
When an "EM i s  entered, the computer responds with, "ENTER 
SENTENCE. H IT  ESCAPE." on the moni tor .  I n  (d) a sentence i s  
entered. Note t h a t  words as we l l  as numbers are separated by a 
space o r  a punctuat ion mark which denotes a word boundary. When 
the "ESC" key i s  pressed the sentence i s  synthesized by the computer. 
Entry (e) shows how a rubout i s  used t o  cor rec t  a typ ing e r r o r  
i n  the word "the." When a word i s  no t  i n  the d ic t ionary  o f  words 
the computer w i l l  respond w i t h  an e r r o r  message as i n  ( f )  where the 
word address i s  spe l led  incor rec t l y .  This i s  a lso demonstrated i n  
The software automatical l y  places a pause between words, how- 
ever ex t ra  pauses may be desired. These are denoted as PI  and P2, 
and t h e i r  use i s  shown i n  (h) and (i). PI i s  equivalent t o  a PA1 
$D SWTYC V l + O  ( C )  1977 
SDQS READY 
LOAD WORDS 
* 
.FDOS READY 
RUN VQTRAX 
E 
ENTER SENTENCE+ H I T  ESCAPE + 
THE ADDRESS IS 1 2  A F+  
E 
ENTER SENTENCE* H I T  ESCAPE + 
TSHE ADDRESS IS 1 2 A F e  
E 
ENTER SENTENCE* H I T  ESCAPE + 
THE ADRESS IS 1 2  A F a  
. ADRESS IS NOT IN VQCAEULARY+ 
E 
ENTER SENTENCE+ HXT ESCAPE + 
THE ADDRESS 1x1 I 2 A F+  
fD IS NOT IN VOCABULARY+ 
E 
ENTER SENTENCE* N I T  ESCAPE + 
THE ADDRESS IS 1 f1  2 PI A Yi F+ 
E 
ENTER SENTENCE* N I T  ESCAPE + 
THE ADDRESS XS 1 F2 2 F2 A F2 F+ 
I 
I 
E 
ENTER SENTENCE+ H I T  ESCAFE 
X AM A SIXTY 8 HUNflREltJ MICRO COMPUTER+ 
E 
ENTER SENTENCE* H I T  ESCAFE + 
I AM A VOTRAX VOICE SYNTHESIZER+ 
I h M  TALKING TO YOU NOW* 
DO YOU UNDERSTAND? 
E 
ENTER SENTENCE. HIT ESCAPE + 
HA HA THAT IS A OOOD ONE+ 
E 
ENTER SENTENCE* H I T  ESCAPE + 
HA MA THAT LS A GOOD I +  
DSWTFC V 1 + 0  ( C )  1977 
FDOS READY 
Fig. 15. Illustration o f  Program Features 
shown i n  TABLE 6 and a P2 i s  twice the durat ion o f  P I .  
I f  a l e t t e r  other than T, L, D, o r  E i s  entered the computer 
respona w i th  a verbal message, "Error: You must enter T, L, D, o r  
Em" This occurs i n  (j) where "I" i s  entered. 
More than one l i n e  can be entered by using a carriage re turn  
(CR) and l i n e  feed (LF) a t  the end o f  a l i ne .  The CR and LF are 
ignored, and t o  the computer the entry looks 1 i ke one continuous 
l ine.  The mul t ip le  l i n e  entry  feature i s  shown i n  (1). 
Entr ies (m) and (n) demonstrate tha t  a word can be given 
d i f f e ren t  symbols, but w i l l  s t i l l  sound the same since the V-codes 
are the same. 
I n  (o), the "Dl' key has been pressed. This returns control  
t o  the d isk operating system. The l i s t i n g  comnand, "L," was shown 
previously i n  Figure 14. The t e x t  "T" command cannot be shown since 
a l l  output i s  verbal. 
The synthesized speech can be understood very wel l .  I t  i s  
bas ica l ly  monotonic since the Votrax module used d i d  not  have p i t ch  
o r  in tens i  ty control  s . 
There were some problems w i t h  the "p" and "q" phoneme sounds, 
which tended t o  degrade the speech qual i ty .  The "p" sound i s  syn- 
thesized as a "t." Since "p" and "b" are i n  the same class and are 
very s im i la r  except f o r  duration, i t  was f e l t  t h a t  subst i tu t ion  o f  
the "b" phoneme might be an improvement over the "t" sound. This, 
however, was no t  the case. 
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The "q" sound was also o f  poor qual i ty .  A "q" i s  made up o f  
"k + w." When used i n  a word the synthesized sound i s  t ha t  o f  a 
@I tw . I@ Thus the word "qui tell sounds 1 i ke " t w i  te." This i s  apparent 
i n  every case where a "q" sound i s  desired. A "g" sound was substi- 
tu ted for  the "k," but  d i d  not  improve the "q" sound. 
Since the "p" and "qIt sounds are character is t ic  o f  the Votrax 
module, no immediate so lu t ion  t o  the problem was found. The Votrax 
c i r c u i t  i t s e l f  would have t o  be modified, and since the c i r c u i t  i s  
i n  a sealed uni t ,  t h i s  i s  no t  a feasib le solution.. 
CONCLUSIONS 
Many d i f f e r e n t  kinds o f  speech synthesizers are avai l ab le  
today. This repor t  has described several d i f f e ren t  types, and a 
hardware and software real i t a t i o n  o f  a 1 i m i  ted  t e x t  synthesizer has 
been presented. This system has shown t h a t  very good q u a l i t y  speech 
synthesis can be achieved on a small scale computer. The number o f  
words i n  a vocabulary i s  constrained only  by memory size. The sys- 
tem described has the capabi 1 i ty o f  over 700 words i n  6.6 k-bytes 
o f  memory. In many appl icat ions only cer ta in  words o r  phrases are 
required, and very l i t t l e  memory i s  u t i l i z e d ,  sfnce these can be 
stored i n  V-code form i n  memory tables. The rout ine t o  output a 
message i s  very short (62 bytes) and can eas i l y  be stored i n  a RON 
t o  be incorporated as a permanent feature o f  a small scale computer 
sys t a m  
The application o f  speech synthesis i n  many d i f f e ren t  areas 
I s  immediately apparent. The speed o f  the computer i n  accessing 
data coupled w i t h  a voice output makes telephone information systems 
a possibi 1 i ty. A Touchtone keyboard can be used as an input  device, 
and the computer can provide requested data by speaking over the 
phone. There are many appl icat ions i n  the av iat ion industry, 
including a i r  t r a f f i c  contro l  and on-board a i r c r a f t  warning devices. 
Likewise, such verbal warnings might be used i n  automobiles t o  
signal f au l t s  i n  v i t a l  systems such as brakes. Another speech 
synthesizer use includes t ra in ing  and learning devices which 
47 
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incorporate a processor t o  evaluate performance and give verbal 
prompting, encouragement, o r  correction t o  the trainee. 
Essential ly, any area which ca l l s  f o r  verbal information out- 
put coupled w i th  the processing capabi l i t ies  o f  a computer, i s  a 
prime candidate f o r  speech synthesis. The reduction i n  the physical 
s i ze  and increased performance o f  computers as well as synthesizers 
points t o  an exc i t ing  era o f  speaking machines i n  the near future. 
APPENDIX A 
TEXT SYNTHESIZER VOCABULARY 
ASSEMBLY LISTING 
IShW 
I .  OFT 
- ,  
QPT 
I 
WRO 
-4% ,. . MTABLE Fee 
t '- .' >* 
FCC 
FC0 
FCb 
OR0 
FCC 
FCB 
FCC 
O M 9  b3 
0i& 41  
- 
6113' bi 
Qli% 4% 
&%arc &B 
alas 44 
a m  8-l 
ota3 41 
0138 Ah 
01X 41 
0141 82 
0445 31 
at 4 1 ~  reo 
el48 41 
PC$ 
FCC 
me 
FCC 
PCB 
FCC 
FCII 
FCC 
PCB 
FCC 
FCB 
FCC 
FCB 
FCC 
, f C B  
FCC 
F C I  
FCC 
PCB 
FCC 
FCB 
FCC 
FCB 
FCB 
mo 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FCR 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FCR 
FCB 
OR0 
FCC /FROH/ 
PCB $9E r $DC e 
PCC /DATA/ 
FCB 
FCP) 
ORQ 
FCC FCS %!?E?C@+Sr*hSt$$4r*Dl 
FCC AllB/  
FCB 
FCC FCB 
FCC 
FCB 
FCC PCB 
FCC 
FCB 
FCC 
PCB 
FCC FCB 
FCI 
OR0 
FCC 
FCB 
FCB 
O M  
FCC FCB 
CCC 
FCB 
FCC FCB 
FCC 
FCE 
FCC PCB 
FCC 
FCB 
FCC 
FCB 
FCC FCB 
FCB 
OR0 
FCC 
FCB 
FCC 
FC0 
FCC 
FCR 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB $9Dr%A4t%8Dt19Fe%80r%86r$Al 
FCC /FRENCH/ 
FCb 
FCC 
FCB %9DvbA%t1BBv%8Dr%90 FCB 
PCB 
Pfx 
FCE 
F ix  
FCC 
PCB 
FIX 
.m 
re3 
PW 
m0 
Fee 
FEB 
FCC 
, 
FCB 
FEB 
ma 
FCC 
PCB 
FCC 
PCB 
FCC 
FCB 
FCC 
f C 8  
FCC 
ODOA 8C 
QDOF 413 
FCB 
i cc  FCB % 9 E r % ? A ~ ~ 8 0 r % A b r $ A l ~ $ A l  
FCC /JE/ 
FCB 
FCC FGB be7~%P3 
FCC /&ST/ 
FCb 
FCC FCB $9Er$9Ar%R2r$PFr%AA 
FCB $EP 
ORB %BOO 
FCC JK? 
FCB 
FCC 
FCB C 9 9 r % 8 0 r $ A O v % A ~  
FCC /KEEP/ 
FCB 
FCC 
FCB t99r$sC1%A9r$AS 
FCC /KZNDJ 
FCIS 
FCC 
FCB 
FCC 
FCB $09rS95r$BCrS8br$?E 
FCC JKWQU/ 
FCB 
FCB 
OR0 
FCC 
FCC 
FCB 
FCC 
PC8 
FCC FCB 
FCC 
OE09 8D 
OEOE 4E 
FCB 
FCC FCB 
FCC 
FCB 
FCC 
FCB 
FCC FCtS 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FC8 
ORQ 
FCC 
FCB 
FCC 
FCB 
FCB 
e)B8 
FCC 
FCB 
FCC 
FCB 
FCC FC0 
FCC 
FCB 
FCC FC0 
FCC 
FC8 
FCC FCB 
F CB 
mQ 
FCC 
FCB 
FCC 
FCB 
FCB 
ORB 
FCC 
FCB 
FCC 
PCB 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCC 
PCB 
FCC 
FCB 
PCB 
PCB 
ORQ 
FCC 
FCB 
FCB 
OR0 
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
PCB 
FCC FC0 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
FCR 
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
FC8 
FCC CCB 
FCC 
FCB 
FCC FCB %AAr$BIv%BBr$BCr%AS 
FCB %BF 
OR0 $1500 
FCC /U/ 
FCB 
FCC 
FCB %49r$B6r%B&r%B7r%87 FCB 
FCB 
FCC FCC 
FC]l$ 
FCB 
FCC 
FCOT 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCC FCB 
PCB 
OR8 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FCB 
FCC 
FC8 
FCC 
FCB 
FCC 
FCB 
FCB 
6RO 
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCB 
ORO 
FCC 
FCB 
FCC 
F C 0  
FCB 
ORO 
FCC 
FCB 
FCC 
F C 0  
FCC FCB 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
FCB 
ORO 
FCC 
FCB 
FCC 
FCB 
FCC FCB 
FCC 
FCB 
' FCC FCB 
FCB 
EN0 FCB 
APPENDIX B 
TEXT SYNTHESIZER PROGRAM 
ASSEMBLY LISTING 
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tWL IST :  SURROUtINE TO OUTPUT A L I S T  OF WORDS 
#IN VOCAEULhRY* 
tUORD ADDR, WURDt AND HEX CODES ARE PRINTED. 
4548 06 OR ULIST. ~ n n  A W D  CR COB€ 
434h BD E i D l  J5R $€ID1 WTPWTCR 
45411 86 OA L f t A  A #$A LF CODE 
454F Btr ElDl JSR OElDl WTPLIT LF 
4552 4F CLR A A*O 
455.3 4@ ADD1 I N C  A A=A+ 1 
4554 87 4141 STA A 
45$7 PE 4141 LDX 
4SM FF 4143 ST X 
45m CE 4g43 Looex LDX 
4S&0 Bb EOCQJ JSR 
4563 80 E6C.C: JSER 
4564 FE 4143 LDX 
4569 A& 00 NCHAR LDA A 
4S6B 81 7F CHP A 
4 5 6 0  22 04 BHI 
454F all Eta1 JSR 
4 3 7 2  08 EEIX 
4573 7E 4569 JNP 
4376 87 4145 CODES 97'6 A 
4579 08 ZNX 
4S7A FP 4143 STX 
4570 Bb EBCC 38R 
4580 CE 4145 LDX 
4583 %a EOCA &R 
4586 FE 4543 LOX 
4589 46 00 cm a 
4 5 8 8  81 87 CHP A 
4580 27 11 8EQ 
438F 81 7F CHO A 
4591 22 E% BH I 
4 5 9 3  86 OD LDA A 
4 5 9 5  IXD €ID1 JSR 
4598 06 @A tab A 
4JPA ED E k D l  JSft 
43933 7E 445511 JW 
4SAO 86 OD CKSAVA LDA A 
43A2 t)D ELBl JSR 
45&5 06 OA LDI) A 
45A7 BD E l 0 1  3SR 
45AA 06 4141 LDA A 
45AD Q1' 1 A  CMP A 
4SAF 26 192 RNE 
4 5 0 1  CE 41DA LDX 
4504 RD E07E JSR 
4587 39 RTS 
END 
savx 
*EQCC 
#TCODE 
$EOCA 
S AUX 
O $ X  
#$0f 
GKSAVA 
#*7F 
cows 
S$D 
SE1Dl 
#LA 
(CE1Dt 
LOOPX 
#OD 
SEIDI 
#*A 
$ € I D 1  
S4VA 
# S l A  
ADD1 
$MSG4 
SE07E 
00001386 
00001 390 
00001394 
OQ96139$ 
otttws tautpur ADOR) 
QUTPUT eDOWCE 
oW@f 4to  
Q6Udii413 
ASCt I? 
#P 
OSWPUT CHAR 
IMCR SNDEX 
00PO~S34 
0006 t 4343 
008Ut 442 
00001446 
OUTPWT SPACE 
00001419.4 
OUT2NS (OUT HEX VCQDE) 
OOQOl462 
GET CHAR 
END OF TABLE? 
00001 474 
AOCr 17 
000-61 482 
CR CODE 
W T P U T  CR 
LF CODE 
OUTPUT LF 
00001902 
00001 SO6 
CR 
00001514 
LF 
00001522 
09001 526 
NOT END OF L I S T  
0000 1534 
PDATA1 (OUTPUT MSO) 
00001542 
00001546 
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